Purpose: Previous studies have shown that stereotactic ablative radiation therapy (SABR) increases local control for cholangiocarcinoma, but gastrointestinal toxicity resulting from this treatment approach remains a concern. SABR using magnetic resonance eguided radiation therapy (MRgRT) may improve the therapeutic ratio of treatment for cholangiocarcinoma patients given the radiosensitivity of neighboring gastrointestinal organs. Methods: Seventeen consecutive patients with unresectable locally advanced cholangiocarcinoma were treated with SABR using MRgRT between May 2015 and August 2017, subsequent to our previously reported series of patients treated using a standard Linac with cone beam computed tomography. Twelve patients presented with extrahepatic cholangiocarcinoma and 5 patients with intrahepatic tumors. MRgRT-based SABR was administered at a median dose of 40 Gy in 5 fractions. Results: The median overall survival (OS) was 18.5 months, with a 1-year OS of 76% and 2-year OS of 46.1%. Three of the 17 patients progressed locally, yielding a 1-year local control of 85.6% and a 2-year local control of 73.3%. Although 12 of 17 patients experienced an acute grade 1 toxicity, none experienced acute grade 2 toxicities. One patient had an acute grade 3 duodenal ulcer with perforation (6%), and one patient had a late radiation-related toxicity grade 2 gastritis/ colitis. Conclusions: Our findings demonstrate diminished toxicity and excellent overall survival and local control. The clinical outcomes and safety profile of SABR delivered with MRgRT suggest that MRgRT is a promising treatment approach for treating cholangiocarcinoma.
Introduction
Cholangiocarcinoma is an aggressive hepatobilliary malignancy distinguished by predominantly advanced presentation and high mortality rates arising from locoregional patterns of failure. Radiation therapy has been demonstrated to prolong survival in both intrahepatic and extrahepatic disease, although local progression remains the primary mode of failure. 1, 2 Large-scale reviews of the National Cancer Database revealed that the addition of radiation therapy potentially offers significant survival advantage compared with chemotherapy treatment alone in patients with locally advanced disease. [3] [4] [5] Progressive investigations have demonstrated the increasing role of radiation in definitive local treatment and value of radiation therapy followed by resection. 6, 7 Additional studies of cholangiocarcinoma have shown an association between radiation dose and improved overall survival (OS) and local control (LC), reporting 1-year LC rates of 90% 8 and suggesting that a biologically effective dose (BED) >80.5 Gy yields outcomes similar to those achieved with resection. 9 Stereotactic ablative radiation therapy (SABR) using volumetric image guided radiation therapy can be used to escalate dose, with increased radiation planning dose conformality and treatment delivery accuracy. Due to the intensive use of image guidance, SABR allows for steeper dose gradients between target and surrounding normal tissue compared with traditional techniques. Multiple single institution retrospective studies of Linac-based SABR for unresectable cholangiocarcinoma have achieved 1-year LC rates of 85% to 100% and median OS times of 10 to 15 months with median BEDs of 86 to 115 Gy. [10] [11] [12] [13] However, although SABR yields improved survival outcomes and local control, the severe gastrointestinal toxicity that has plagued conventionally fractionated radiation therapy 14, 15 continues to represent an unmet challenge, with 10% to 26% of patients experiencing grade 3 gastrointestinal toxicity. 16 One of the challenges of delivering SABR to abdominal tumors is the necessity of high-fidelity visualization of soft tissue structures and accurate tumor targeting, including accounting for both intrafractional respiratory, cardiac, and peristalsis-induced tumor motion and stochastic interfractional anatomic changes. It is particularly difficult to deliver high doses to cholangiocarcinoma owing to adjacent radiosensitive gastrointestinal organs, or organs at risk (OARs). Irradiation of these OARs leads to treatment toxicity and poses a critical obstacle to successful dose escalation. Their proximity to the tumor often necessitates an unfavorable tradeoff between tumor volume coverage and OAR avoidance.
Current image guided radiation delivery strategies, including the use of implanted fiducial markers and tumor surrogates; daily imaging using cone beam computed tomography, kilovoltage computed tomography, and CT on rails; and 4-dimensional computed tomography respiratory motion simulation, are compromised by poor soft tissue resolution, uncertainties in the use of surrogatebased treatments, inherent risks of fiducial marker implantation and possible migration, and, most importantly, challenges of imaging and visualizing OAR changes. 17 MRI-guided radiation therapy (MRgRT) has garnered interest because it offers precise radiation delivery with excellent soft tissue contrast and direct tumor visualization, real-time synchronous tumor tracking and respiratory gating, and on-board daily adaptive planning capabilities. This is the first dedicated series of cholangiocarcinoma patients treated with MRgRT, and we sought to evaluate the safety and efficacy of SABR treatment with this radiation therapy delivery modality. SABR using MRgRT may improve the therapeutic index of treatment for cholangiocarcinoma patients and achieve improved local control with minimal toxicity.
Methods and Materials

Patients and follow-up
Seventeen patients with cholangiocarcinoma were treated with SABR using MRgRT between May 2015 and August 2017 with a median follow-up time of 15.8 months (range, 4.5-29.9 months). Our previously reported series of cholangiocarcinoma patients included all patients before May 2015. Subsequent patients were treated with MRgRT-based SABR, with the exception of one patient in June 2015 who refused treatment with MRgRT and was treated using a standard Linac with CBCT. Our institutional review board approved the retrospective analysis of our department's prospective patient registry, in which toxicity and cancer outcomes are coded in real time. All patients with cholangiocarcinoma (biopsyproven malignancy, or both malignant stricture on cholangiography and cancer antigen 19-9 >100 U/mL) eligible for MRgRT treatment were included without patient selection criteria. MRgRT was delivered using a 0.35T tri-60 Co magnetic resonance imaging (MRI)e guided radiation delivery system equipped with 3 rotating cobalt sources on a gantry ring (MRIdian, ViewRay Inc., Cleveland, OH), and SABR was administered at a median dose of 40 Gy in 5 fractions. Notably, one patient was treated with concurrent hyperthermia, and one patient received a SABR boost after intensity-modulated radiation therapy (IMRT) (54 Gy in 30 fractions). Twelve patients were evaluated on our institutional liver transplant protocol, which includes treatment with SABR at a dose of 40 Gy in 5 fractions, and 2 patients successfully underwent liver transplants subsequent to radiation therapy completion. Patients were followed clinically and radiographically after treatment as per standard of care and were routinely evaluated with computed tomography (CT) or positron emission tomography CT scans every 3 to 6 months.
SABR treatment planning
Treatment simulation scans were obtained on both the 0.35T split magnet MRI merged with a tri-60 Co radiation source and standard CT (to obtain electron densities for tri-60 Co plan dose calculations). 18 Planning MRI scans of 3-mm thickness were obtained with an image acquisition of 17 seconds under breath-hold and were registered with diagnostic scans to demarcate gross tumor volume (GTV). The GTV was expanded by 3 mm to obtain the planning target volume (PTV), and radiation doses were prescribed to 95% of the PTV.
Normal tissue OAR constraints were set as follows: duodenal loop and stomach V 35Gy < 0.5 mL; bowel bag V 20Gy < 20 mL; spinal cord and left and right kidneys maximum 12.5 Gy; normal liver 1000 mL <15 Gy. The prescribed dose constraints were more stringent than reported objectives in similar studies and the constraints provided by the American Association of Physicists in Medicine Task Group 101 19 because we had found that we could improve upon these recommended values.
The constraints were the same for all doses and fractionations, and the dose was escalated based on favorable tumor location. Tumors in close proximity to radiosensitive gastrointestinal structures were treated conservatively, with priority placed on limiting doses to the outlined OARs.
Respiratory gating
We used a PTV margin expansion of the GTV of 3 mm. To allow the use of this small margin, we used breath-hold respiratory gating. The commercial image guided radiation therapy system provided real-time 4 frames per second sagittal cine images and tracked the tumor as the patient breathed. The dose delivery was paused and resumed when the GTV moved outside and back inside of the prescribed location.
Adaptive planning
Adaptive planning was routinely implemented after treatment of the first few patients. Before each treatment, MRI imaging was obtained with the same parameters as the simulation scan. The simulation planning contours were transferred to the daily set-up MRI and manually adjusted, and the initial planned treatment dose was predicted onto the patient's daily anatomy. 20 Protection of surrounding radiosensitive OARs superseded PTV coverage, and reoptimization was necessitated if the new geometry predicted normal tissue overdose. Adaptive planning total dose constraints were not as conservative as the prescription constraints and were defined as follows: V 35Gy <1 mL in the duodenum and stomach, and a maximum of 20 Gy to the spinal cord.
Statistical analysis
Survival curve analysis performed by the Kaplan-Meier method was used as a metric of clinical efficacy. Overall survival (OS), progression-free survival, and local control (LC) were defined as the time between completion of treatment to death, initial progression, and local failure, respectively, as determined by Response Evaluation Criteria in Solid Tumors, version 1.1. Treatment toxicities were graded according to the designations outlined in the Common Terminology Criteria for Adverse Events, version 4.0, and acute and late toxicities were defined using a cutoff of 90 days from completion of radiation therapy.
Results
Patient characteristics
Of the 17 cholangiocarcinoma patients treated with SABR using MRgRT between May 2015 and August 2017, 12 patients presented with hilar cholangiocarcinoma and 5 patients presented with intrahepatic tumors, with 2 patients treated for local recurrences after surgery. All of the treated cases were unresectable locally advanced cholangiocarcinoma, and all patients underwent a complete staging workup that consisted of positron emission tomography with CT and MRI. Sixteen out of 17 patients had biopsy-proven adenocarcinoma, and 1 patient had both malignant stricture on cholangiography and cancer antigen 19 to 9 >100 U/mL. Five cases had suspected regional disease in the form of locoregional nodes at the time of SABR. The median patient age was 57 for the 11 male patients (65%) and 6 female patients (35%), with a median Karnofosky Performance Scale score of 90. Fourteen patients had biliary stents at the time of treatment, and the median pretreatment bilirubin concentration was 1.7 mg/dL (range, 0.2-22.2 mg/dL). The median primary lesion size at consult was 25.5 mm (range, 14-37 mm), although 3 patients had ill-defined lesions. One patient had previously undergone a Whipple procedure for intraductal papillary mucinous neoplasm, and 3 patients had undergone prior surgery. Five patients had received previous courses of chemotherapy, most commonly gemcitabine/cisplatin, and 2 patients were treated with concurrent chemotherapy. The single patient treated with a SABR boost after IMRT received concurrent daily capecitabine, and the other patient received a cycle of cisplatin/gemcitabine chemotherapy during the course of radiation treatment at the discretion of the treating medical oncologist.
The median delivered SABR dose was 40 Gy in 5 fractions ( Fig. 1) , with only 4 exceptions: 2 patients were treated with 45 Gy in 3 fractions, one patient received 50 Gy in 5 fractions, and one patient was treated with a SABR boost of 12 Gy in 3 fractions. Tumor target volumes ranged from 9.72 mL for the patient receiving a SABR boost, to 31.48 to 169.72 mL for the definitively treated patients.
Clinical outcomes
The median OS was 18.5 months, with a 1-year OS of 76% and 2-year OS of 46.1% (Fig. 2a) . The median progression-free survival was 8.4 months, with a 1-year progression-free survival of 38.5%. Three patients had regional progression with intrahepatic failure outside of the radiated field, and 7 patients had distant failure. Three of the 17 patients progressed locally, yielding a 1year local control of 85.6% and a 2-year local control of 73.3% (Fig. 2b ). Twelve out of 17 patients were evaluated as orthotopic liver transplantation (OLT) candidates; of the 7 patients still alive at the time of the last analysis, 2 patients had successfully undergone OLT after radiation. One of the patients who received an OLT had no viable tumor cells, and the explant indicated no malignancy, consistent with pathologic complete response.
Two patients currently remain on the liver transplant list, although the patient who received a SABR boost after IMRT was not a transplant candidate and went on to undergo Y-90 hepatic radioembolization of 3 liver lesions.
Toxicity
Twelve of 17 patients experienced an acute grade 1 toxicity, with mild nausea and fatigue accounting for 80% of toxicities. No grade 2 acute toxicities were experienced; however, one patient had a grade 3 duodenal ulcer with perforation (6%). The same patient had a late radiation-related toxicity grade 2 gastritis/colitis; no other late toxicities occurred ( Table 1) .
The patient who had a duodenal ulcer with perforation was one of the earliest patients treateddbefore the use of routine adaptive planning. Although the patient had an intrahepatic lesion, which is typically associated with less toxicity, the OAR dose constraint of the stomach was violated, with 3.83 mL of stomach volume receiving 35 Gy (stomach OAR constraint: V 35Gy <.5 mL). Eight patients developed a cholangitis, but the episodes were deemed unrelated to treatment and were due to stent dysfunction.
Three patients were treated using reoptimized adaptive radiation plans. Two of the 3 patients adapted had intrahepatic tumors, and the highest grade of toxicity for patients treated with adaptive radiation therapy was grade 1. None of the 12 extrahepatic cholangiocarcinoma patients, including one patient treated with adaptive radiation therapy, experienced severe toxicity. 
Discussion
Previous studies have shown that SABR increases local control for cholangiocarcinoma, but gastrointestinal toxicity resulting from treatment remains a major barrier for the adoption of SABR for abdominal tumors (including pancreatic and liver tumors and metastases, and cholangiocarcinoma). Our previous published experience of 31 cholangiocarcinoma patients definitively treated with SABR using Linac reported a median OS of 15.7 months, 1-year OS of 59%, and 1-year local control of 78%. 21 Six patients (19%) in this series had severe toxicities; 5 of these patients experienced severe late gastrointestinal toxicities rather than acute injuries, which is characteristic of SABR treatment. 16 The high prevalence of extrahepatic lesions (25 of 31 lesions), which are associated with higher risk of normal tissue injury owing to proximity to the radiosensitive gastrointestinal tract, was consistent with analogous studies with high rates of late gastrointestinal toxicities. 10, 11 More recently, a retrospective study of 28 patients with intrahepatic cholangiocarcinoma treated with CyberKnife (Accuray, Inc.) SABR using 3 to 6 implanted fiducials for synchronous respiratory tracking reported a median OS of 15 months, 1-year OS of 57.1%, and disease control rate of 89.3% 
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MRgRT for locally advanced cholangiocarcinoma with a median dose of 45 Gy in 3 fractions. 13 The accompanying toxicity profile was substantial, with 5 grade 3 gastrointestinal toxicities (18%), and 3 grade 2 complications associated with fiducial implantation (11%). The survival outcomes are consistent with those of our prior study of Linac-based SABR; however, the proportional toxicity profile of a cohort of patients with exclusively intrahepatic disease emphasizes the gastrointestinal toxicity associated with dose escalation (BED Z 85.5 Gy compared with BED Z 72 Gy). 13 MRgRT, although constrained by low-field MRI and a lower-energy cobalt radiation source, enables superior soft tissue visualization, 3-mm margin breath-hold respiratory gating, and daily online adaptive planning. The resultant smaller treatment margins and adaptive treatment plans tailored to daily anatomy conjointly minimize OAR dose and maximize intended target dose. Daily optimization enhances the overall therapeutic index of radiation therapy treatment through personalization of treatment delivery, and the unique capabilities of MRgRT potentiate improved local control and safety profile.
In our present study, radiation dose, fractionation, and dosimetric constraints matched those of our previous institutional review, and many patients in both cohorts were enrolled in an institutional liver transplant protocol, which generated a level of standardization between the studies. Survival outcomes were favorable, and we achieved a longer median follow-up time (15.8 months vs 11.5 months in our earlier study). Perhaps most significantly, the toxicity profile for our patient cohort was promising, with fewer complications than previous published series of cholangiocarcinoma treated with SABR. In contrast to prior studies, 11, 12 neither our current nor our older series had treatment-related hepatobiliary toxicities, and we previously postulated that the presence of pretreatment biliary stents in the majority of patients may have mitigated biliary fibrosis and stenosis. 21 The patient demographic of the present study was similarly skewed toward extrahepatic lesions; notably, however, none of the 12 patients treated for extrahepatic cholangiocarcinoma experienced severe toxicity. The single grade 3 toxicity reported arose in a patient with intrahepatic cholangiocarcinoma, after radiation dose to the stomach exceeded OAR constraints. The stomach received a maximum dose (D max ) of 49.05 Gy, and 3.83 mL of stomach volume received a dose of 35 Gy. V 35Gy and D max are good dosimetric predictors of severe gastroduodenal toxicity, and D max >45 Gy and V 35Gy >1 mL have been shown to correlate with 50% incidence of late grade 3 gastroduodenal toxicity (compared with 6% incidence below cutoff values; P Z .0015). 22 This was one of the earliest patients treated, spurring on efforts to routinely integrate adaptive plan reoptimization for patients with normal tissue dosimetry exceeding critical constraints. In the subsequent subset of 4 patients with intrahepatic lesions, 2 patients were treated using adaptive radiation therapy, neither of which experienced treatmentrelated toxicity. The reduction of toxicity with adaptive planning underscores the utility of MRgRT tissue visualization and the subsequent ability to more precisely target tumor and spare normal tissue, especially when the normal tissue positions fluctuate.
Several limitations of the study include its retrospective nature, heterogeneous patient population and treatment schemes, and small sample size, with a small number of patients treated with adaptive radiation therapy and a small number undergoing OLT. However, the study capitalized upon our department patient registry, in which both toxicity and outcomes are coded concurrently in realtime, and included all consecutive patients treated subsequent to our Linac series without patient selection criteria. Collectively, inclusion of all eligible cholangiocarcinoma patients and analysis of prospectively gathered patient data helps counterbalance the inherent constraints of a smaller retrospective study. Additionally, although the follow-up time exceeds that of our previous study, limited follow-up time could influence outcomes.
Despite these limitations, SABR using MRgRT shows promise as a means of improving the therapeutic ratio of treatment for cholangiocarcinoma and safely delivering doses high enough to maintain local control, which may translate to better survival and cancer specific outcomes, including control of regional metastases and improved quality of life measures.
Conclusions
Our findings using MRgRT for cholangiocarcinoma patients demonstrate favorable overall survival while maintaining rates of local control comparable with the outcomes of our previous retrospective study using Linacbased SABR. Treatment delivered through MRgRT resulted in one grade 3 toxicity (6%), although the Linac study determined that 6 patients (19%) had severe toxicities with the same median radiation dose and fractionation. Our clinical outcomes, coupled with a diminished toxicity profile, suggest SABR using MRgRT is a promising new treatment approach. 
